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ABSTRACT The spatiotemporal profile of intracellular calcium signals is determined by the flux of calcium ions across
different biological membranes as well as by the diffusional mobility of calcium and different calcium buffers in the cell. To
arrive at a quantitative understanding of the determinants of these signals, one needs to dissociate the flux contribution from
the redistribution and buffering of calcium. Since the cytosol can be heterogeneous with respect to its calcium buffering
property, it is essential to assess this property in a spatially resolved manner. In this paper we report on two different methods
to estimate the cellular calcium binding of bovine adrenal chromaffin cells. In the first method, we use voltage-dependent
calcium channels as a source to generate calcium gradients in the cytosol. Using imaging techniques, we monitor the
dissipation of these gradients to estimate local apparent calcium diffusion coefficients and, from these, local calcium binding
ratios. This approach requires a very high signal-to-noise ratio of the calcium measurement and can be used when
well-defined calcium gradients can be generated throughout the cell. In the second method, we overcome these problems
by using calcium-loaded DM-nitrophen as a light-dependent calcium source to homogeneously and quantitatively release
calcium in the cytosol. By measuring [Ca®*] directly before and after the photorelease process and knowing the total amount
of calcium being released photolytically, we get an estimate of the fraction of calcium ions which does not appear as free
calcium and hence must be bound to either the indicator dye or the endogenous calcium buffer. This finally results in a
two-dimensional map of the distribution of the immobile endogenous calcium buffer. We did not observe significant variations
of the cellular calcium binding at a spatial resolution of ~2 um. Furthermore, the calcium binding is not reduced by increasing
the resting [Ca®*] to levels as high as 1.1 uM. This is indicative of a low calcium affinity of the corresponding buffers and is
in agreement with a recent report on the affinity of these buffers (Xu, T., M. Naraghi, H. Kang, and E. Neher. 1997. Biophys.
J. 73:532-545). In contrast to the homogeneous distribution of the calcium buffers, the apparant calcium diffusion coefficient
did show inhomogeneities, which can be attributed to restricted diffusion at the nuclear envelope and to rim effects at the cell
membrane.

INTRODUCTION

A detailed understanding of calcium (€3 dynamics in  given by fluxes across different biological membranes, such
excitable cells requires a quantification of different sourcesas membranes of the endoplasmic reticulum or mitochon-
and sinks for C&" ions. A generic scheme of €asignal-  dria. It is the study of the buffered €adiffusion in single

ing can be viewed as consisting of the following compo-bovine chromaffin cells that this paper is dedicated to.
nents (Clapham, 1995): influx of €4 from some extracy- Several imaging studies have revealed intracellular gra-
tosolic compartment into the cytosol, diffusion ofCaas  dients of the free Ga concentration ([C&]) in different

well as binding of C&" to different buffers (which can be cell types (Williams et al., 1985; O'Sullivan et al., 1989;
endogenously present in the cell or added exogenously biasai and Augustine, 1990; Huser et al., 1996). In bovine
means of patch pipettes), and uptake into internaf'Ca adrenal chromaffin cells, [G4] gradients were seen to
stores or extrusion across the plasma membrane. The influissipate within a few hundred milliseconds (Neher and
of C&* across the plasma membrane is well-characterize\ugustine, 1992) and this time course was prolonged if the
by means of patch-clamp recordings whereas the diffusionajoncentration of the Ga indicator was increased. Since the
spread of C&" ions while binding to different cellular dye competes with endogenous buffers in binding'Cthe
buffers, the so-called “buffered diffusion problem,” has dye-dependent changes in the recovery time course of the
received much less attention. Once the impact of thesg(;aZ+] signal were used to estimate the average'Ca
buffers as C&" sinks is understood, one can quantitatively hinding ratio of the cytoplasm of chromaffin cells under
study the remaining determinants of*Caignals, which are  whole-cell recording conditions. Later, using the perforated
patch method, Zhou and Neher (1993) were also able to
distinguish between the capacity of mobile and immobile
Received for publication 29 October 1997 and in final form 13 February endogenous 4 buffers in chromaffin cells, but again as a
1998. cellular average. These studies have prompted a series of
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action of a C&" signal heavily depends on spatial buffering same beam splitter is also used to feed the fluorescence excitation light of
properties of the cytoplasm (Allbritton et al., 1992; Wagnerthe polychromatic source into the objective. By directing a fraction (8%) of

and Keizer, 1994)_ This in turn raises the question c)fthe Ilght to a photodiode, we qlso momtgred the light intensities by
sampling the output of a photodiode amplifier using the master PC. In

whether a given cell Car_] be rega.rdEd as spatially homogeo\'ddition, the objective was mounted on a piezoelectric element (Pifoc,
neous with respect to its buffering power or whether itphysik Instrumente, Germany), driven by a PC-controlled unit, which
constitutes a highly differentiated medium for spatiaFCa enabled us to acquire images at different focal planes with a precision of 10
signals: an intriguing possibility, especially for polarized nm',:lf ”Eedeo'- iton of the _ od |
cells that use C4 as a fast second messenger. Neverthe- or the acquisition of the fluorescent images, a water-cooled frame-

. . . dransfer CCD camera was used. The images were stored with a dynamic
less, there is no quantitative report on spatially resolve ange of 12 bits on the PC and later transferred to a SPARC-10 (SUN

measurements of €& binding properties of cells up to this Microsystems, Cupertino, CA) UNIX workstation for analysis. Finally, in
day. Here, we attempt to establish methods to assess tltfe diffusion experiments, it was crucial to maximize the signal-to-noise
distribution of C&* binding sites in a cell under the whole- ratio (SNR) of the C&" images. We achieved this goal by increasing the

cell mode of the patch-clamp technique. We show that théupply current of the xenon lamp qnd, thus, the excitation light intensity. A
voltage between 1 and 2 V, provided to a controlled power supply, was

effective spatial resolution is dictated by the acquisition rat&onverted to a current (with a gain of 1 V/5 A), which was added to the
of the imaging system and out-of-focus effects due to lighthormal supply current (5.4 A) for the xenon lamp. This pulsing of the
diffraction. In the specific case of cultured adrenal chromaf-power supply enabled us to increase the excitation intensity by a factor of
fin cells, we do not see signs of heterogeneity of fixed'Ca 3 for a few hundred milliseconds, WhiCh gave r_ise to a corre:sponding
buffer distribution on a micrometer spatial scale, which, c)fincrease in the fluorescent counts during the pulsing. However, it was not

. £C possible to maintain the high excitation intensity fe600 ms because
course, does not exclude gradients of"Cauffers on a the lamp would otherwise become unstable (as was monitored by the

submicrometer scale. photodiode).

MATERIALS AND METHODS Mathematical model for diffusion and method for

calculating local diffusion coefficients

Cell preparation and solutions o _ _ -
The idea in the first set of experiments was to observe the diffusive

Chromaffin cells in primary culture from bovine adrenal glands were dissipation of [C&"] gradients and then to extract local apparentCa
prepared and cultured as described previously (Smith and Neher, 1997iffusion coefficients from a fit of the theoretically expected fChtime
Cells were used for experiments 1-4 days after plating in culture dishescourse to the experimentally observed one. Consequently, we need a
The standard external bath solution for experiments contained (in mM)mathematical model of the expected fChtime course in the presence of
140 NaCl, 2.8 KCl, 5 CaGJ] 1 MgCl,, 20 HEPES, and 2 mg/ml glucose different mobile or immobile calcium buffers. Intuitively, the presence of
(pH 7.2, 310 mOsm). The internal solutions were based ox &@cen- an immobile endogenous Eabuffer would slow down the diffusion and,
trated buffer containing (in mM): 290 cesium glutamate, 40 HEPES, andhus, show up as a reduced apparent'Gdiffusion coefficient. A mobile
12 NaCl (pH 7.2). After adding appropriate amounts of indicator dye orCa* buffer, however, would shift the apparent®aliffusion coefficient
DM-nitrophen (DMN) or CaCJ, this solution was diluted twofold to give toward the mobile buffer’s diffusion coefficient as an increasing fraction of
the final internal solution with an osmolarity of 300—-320 mOsm and pH C&" is being carried by the buffer. A formalization of this idea was given
7.20. by Wagner and Keizer (1994) within the framework of the rapid buffer
DMN was purchased from Calbiochem (La Jolla, CA); Fura-2, Bis- approximation (rba) to the buffered diffusion problem. In the rba, one
Fura-2, and BAPTA were purchased from Molecular Probes (Eugene, ORassumes that all buffers, whether mobile or immobile, have such fdst Ca
All other chemicals were from Sigma (St. Louis, MO). binding kinetics that they are in chemical equilibrium with local fCpat
every instant of time and at every point in the cell. In other words, the time
scale for dissipation of the [€4] gradients is supposed to be much slower
than the time scale on which the €abinding reactions approach chemical
equilibrium. If this is true, the dynamics of [€4] can be described by a
single nonlinear partial differential equation

Our experiments required patching the chromaffin cells, loading them witha[Ca2+] 1

the fluorescent dye, and activating the voltage-dependetit €lmannels by — V)![D.. + E Dk |- V[CaH] (1)
short depolarizing pulses as well as imaging the?[Gaistribution. In ot 1+ Ei Ki Ca &~ =i '

some experiments it was also necessary to photorelegsef@a Ca™* -
loaded DMN by short pulses of UV light. The apparatus to achieve this,;herep, andx, are the diffusion coefficient and the Eabinding ratio of
goal is schematically depicted in Fig. 1. It is centered around an inverteqheith bufferB,. Note that the binding ratiog = ([B]];K/(K; + [Ca?*])?)

Zeiss microscope, Axiovert 135 TV. Two light sources are coupled into the, o honlinear functions of [G4] and the buffer’s dissociation constat

epiillumihation port of the microscope: a UV ﬂas_h !amp (Rapp Opto- If, however, the affinity of the buffers is low, i.e., [E] < K, thenx; =
elektronlk, qub_urg, Germany) and_a pquchromanchght source (T.I.L.L. [B]+/K; is independent of [C4]. Otherwise, in case of small [€4]
Photonics, Giteling, Germany), which is based on a xenon lamp. It gyc\rsionsy, can be regarded as independent of4Gaas well. Then,

chooses the appropriate wavelength by positioning a grid on a galvanossgming that the free and £abound form of mobile buffers have the
metric scanner. The grid position is set by analog signals from a controgame diffusion coefficient, Eq. 1 can be simplified to
unit, which receives commands from a master PC. The same PC is also '

Combining patch-clamp, digital Ca®* imaging,
and flash-photolysis of DMN

used to trigger the flash lamp and the depolarizing voltage pulses of the 6[C&12+] Dca+ Ei Dik;
patch-clamp amplifier (EPC-9, HEKA Electronic, Lambrecht, Germany) — A[Caﬂ], (2)
via a Macintosh Quadra 950 computer. The flash light passes a UG11 filter ot 1+ Ei K;

and an appropriate neutral density filter and is finally directed via a
50%/50% beam splitter to the back pupil of a4®ater immersion Zeiss ~ which is the classical diffusion equation with an apparerit'Gdiffusion
objective (NA= 1.2, C-APOCHROMAT). The 50% transmission of the coefficient given byD,,, = (Dc, + ZDix)/(1 + Zik;). In whole-cell
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FIGURE 1 Scheme of the apparatus foPCamaging and flash photolysis. The setup is built around an Axiovert 135 TV. Two light sources are coupled

into the microscope using a 50%/50% beam splitter: steady-state light (from a xenon lamp) for fluorescence excitation and flash light for. gthatolysis
power supply of the xenon lamp was pulsed for a few hundred milliseconds to increase the excitation power. The light intensity and the flash time course
are monitored by a fast photodiode, which receiv@%6 of the total light power. All the equipment is controlled and synchronized by a “master PC,” which

also reads in the image data from a 12 bit water-cooled frame transfer CCD camera.

recordings, any endogenous mobileCauffer washes out within minutes As a first method, one is tempted to calculBtg,,as the ratiog[Ca2*]/
(see Zhou and Neher, 1993). Consequently, one is left with the fluoresceritt)/(A[Ca%*]). This, however, corresponds to multiple high-pass filtering
C&" indicator, which is a mobile buffer, and immobile endogenou$'Ca operations on [CH] images and leads to an explosion of the noise level,

buffers, which we |ump together into one Speciesl This results in which makes any meaningful interpretation of the results impOSSibIe.
Consequently, we decided to take another approach for estimdtjpg

based on nonlinear regularization theory (Tarantola, 1987; Louis, 1989).
(3) Let us denote byy,.,an arbitrary distribution of apparent €adiffusion

coefficients in the cell. Assume that at time zero we have & {Ca

distribution, which we denote by,;,. At ms later, diffusive spread of €&

. . - . . . will cause a [C&*] profile ¢,e, Which of course depends dDy,., We
with k.nqo representing the binding ratio of the immobile endogenousWrite this dependence as.., = c(Dy.). We can now compare the

buffer, the quantity we want to determine. Note that a heterogeneou§n : O ) )
distributi  the fixed buffer sh inah distributi ; eoretically expected €a distribution, ¢,,., With the experimentally
istribution of the fixed buffer shows up in a heterogeneous distribution of o e oneg,,s and adjust the diffusion coefficients in such a way that

D,,p as expected intuitively. The problem can now be restated as fOHOWSi:theobest matches, ., This is the regularization approach, which results in

by using [C& "] imaging, we observe the solution to the system (Eq. 2) and D.ppas a solution to the multidimensional optimization problem of mini-
ask for its structural parameters, namely the spatial distributioD_gf, mizing the error functional(Dy,e):

This problem is mathematically referred to as a so-called “inverse prob-

lem”; the “direct problem” being the calculation of the [C4 time course  Minimumf(Dye) = Minimum(||c(Dipeo — Cobd|>+ €/|Dined|®)
from a knowledge of all system parameters, which is the classical domain  py,., Diheo

of simulation studies. (4)

Dca+ KindDind

D -
app 1+ Kind + Kendo
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In other words, we look for &, distribution that optimally reproduces RESULTS
the observed spatiotemporal [€4 profile (the first term in the above
sum) and simultaneously has some degree of smoothness (the second teDiffusion experiments

in the sum). The trade-off between these two aspects is controlled by the = | .
regularization parameter, which in general is selected empirically and AS indicated above, our goal was to study the relaxation of

causes the solution to the above problem to be unique. The next issue @epolarization-induced [G4] gradients in the cytosol of
then how to solve the minimization problem given in Eg. 4. For this end, chromaffin cells. For this end, we recorded in whole-cell
we used many methods under which the Gauss-Newton and the conjugatﬁ,—]ode with pipette solutions, which contained 10/
gradient method (Press et al., 1992) were the fastest algorithms. Here, V\Eura-z but no ATP to exclude anv furth gc
outline the conjugate-gradient method: y Turtheér exogenou a
buffer. The choice of the Fura-2 concentration was a com-
1. Choose initial distributioD{2),; (spatially homogeneous), set= 0; promise between the following opposing constraints. a) One
2. Computed® = @ = —(f(DLLY)/Dy.). This calculation of the ~Would like to aim at as small Fura-2 concentrations as
derivatives of the error function&lith respect to the parameteds.., ~ POSsible, since the indicator is only a reporter of thé Ca
involves solving a parabolic system of partial differential equations, signal and should minimally perturb the system. Increasing
which we performed using the Cranck-Nicholson algorithm. The di- dye concentration would evemua”y lead to an exogenous
mension of this system is identical to the number of pixels in the ceII;binding ratio much bigger than the endogenous one. Then

3. Findy® that minimize(DY,, + y?d®) using a line search algorithm; the endogenous buffer will not affect the ?Casignal by

4. SetDfjcd = Do + yd; modulating the apparent €a diffusion constant and,

5. Computer@™® = —(6f(D§,5Y/9D .0 [exactly like (2)]; hence, will not be visible in the measurement. b) Alterna-
6. Setp*D = (f VRO, di+D = (+D 4 g+Dgo. tively, the SNR of the C&" measurement is a critical factor
7. Incremeni to i + 1 and go to step (3). for the inverse estimation procedures, which we outlined

above. Since the SNR is itself determined by the number of
The regularization parameterwas determined empirically by simulating phqt09|e0trqn§_ generatgd at each pI'Xel' of the camera chip
the diffusion process and adding noise (before backcalculating the diffuduring acquisition of an image, the aim is to catch as many
sion coefficients) to achieve the same SNR as in thé {Cmeasurement. photons as possible per pixel and image integration time.

Then we applied the inverse algorithm with different values doand But what parameters do we have at our disposal to increase
compared the estimated diffusion coefficients with the ones we used forthfi:h b f bhot 2 Th threefold: higher d
simulation of the diffusion process. This procedure identified a range o € number of photons: ese are threeiold. higher dye

applicable parameters, the values used were between 0.001 and 0.005.Cconcentrations, higher excitation intensities, and longer in-
tegration times per image. Observation of the gradient dis-
sipation necessitates high acquisition rates; hence, we can-
not afford to increase image integration time. Consequently

- - 2+ - - - )
E§:I:mal:|c;nlof-entiog:nr;‘?us Ca™ binding ratios we chose to use 10@M Fura-2, which gives rise to a

with photolysis o binding ratio of 45 at [C&"] = 500 nM, the maximal
Some inherent problems, which are detailed in the Discussion part of thi@gcquisition rate of 40 Hz for single wavelength measure-
paper, prompted us to reattack the estimation problem of the binding ratiopnents, and to increase the excitation intensity for 200—-300
with a different approach. The rationale here was the following: if we ms by a factor of 2—3 within the acquisition time, by pulsing

manage to photoreleasedrom DMN quantitatively (Zucker, 1993) and . . .
rapidly compared with the mean diffusional equilibration time of Ca the power supply as outlined in Materials and Methods.

gradients, the G4 ions can either bind to some buffers or appear as free  Fig. 2 shows two such series of [€4 images from
Ca* only at the pixel where they have been released. The more buffer onélifferent cells with 25 ms integration per frame.AmndB

has at a given pixel, the smaller the increase inf[Qaipon photorelease  the |owermost images were taken at rest with a holding
will be. In other words, the increase in [€3 is a measure of the total potential of —60 mV. During the next frame, the cell was

C&* binding ratio of the cell at each and every pixel, as long as nod larized 0 hil Il other i K
significant spread of Cd ions to neighboring pixels happens. The total epolarized to mV while all other images were taken

C&" binding ratio at every pixel is in turn the sum of binding ratios of again at—60 mV. In both cases, one can clearly identify
exogenous and endogenous buffers. This consideration results in the falnitial [Ca2+] rises underneath the plasma membrane,
lowing pixelwise identity: whereas the pattern of spatial spread of thesg" Gignals
is quite distinct. In ), the nucleus is located in the lower-
A[C& ot = (1 + King + Komn T Kengd - A[CET],  (5) right quarter of the cell (as identified in transmission im-
ages) while C&" entry mostly occurs within a rim of the
whereA[Ca” ] is the difference in [C&'] before and after the flash. Thus, membrane on the opposite site of the cell. The incoming

we need to know the total amount of Tareleased by a flash (from + . . . .
calibration measurements)[Ce?*],o., the binding ratioscyy and kg, Ce gives rise to cytosolic [C%T] gradients, which spread

and measure the difference between freé'Ceoncentration after and toward the nucleus within 100 ms. The nucleus seems to
before flash,A[Ca2"], to calculatex..q, If the exogenous buffers are constitute a diffusion barrier since, even after 200 ms, there
homogeneously distributed in the cell (by virtue of their mobility) and the js a marked difference between the cytosolic and nuclear
(of: relegse pattern is also homogeneous in the cell, every spatlgl heteca2+ concentration. This is a type of cell which is not
ogeneity inA[Ca?*] can only result from a heterogeneous distribution of . . . .

the fixed endogenous buffer. This again gives us quantitative informatior?‘ccesslrble, to O_ur Invers_e_me'[hOdOIOgy for e§t|mat|ng appar-
about binding ratios and their distribution without expensive and noise-€Nt C&" diffusion coefficients, because major parts of the

sensitive diffusion measurements. cell only have very flat Ca" gradients and, consequently,
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1167 nM

FIGURE 2 Pseudocolored images of depolar-
ization-induced [C&'] gradients in adrenal chro-
maffin cells. Depicted are two series of [€3
images (from two different cells) acquired at 40
Hz with 25 ms exposure time per frame. IA)(
and @), the image at the bottom is acquired at a
resting membrane potential 60 mV. During
the next frame, the cell was depolarized to 0 mV
while all other images are again ¥f, = —60
mV. In (A) the nucleus is located at the lower
right quarter of the cell (visible in transmission
images, not shown here) while the LCainflux
mostly happens at the opposite quarter. Further-
more, the nucleus seems to constitute a pro-
nounced diffusion barrier for Ga. The C&*
influx in (B) occurs across a major part of the
plasma membrane, and consequently &‘Ca
wave spreads toward the center of the cell.

hardly any information can be obtained. IB)( C&" ap- the same by repeating the same pulse many times at differ-
pears to spread into the cytosol in a radial fashion (in theent focal planes.

first two or three images after the depolarizing pulse) while 2) A cross-section of a typical chromaffin cell is repre-
we still see signs of hindered diffusion around the nucleussented by~1000 pixels in 2-D with a physical pixel size of

Nevertheless, when attempting to estimaté ‘Cdiffusion ~ ~500 nm X 500 nm. Thus, from the relaxation of the
coefficients in two-dimensional (2-D) images, we have togradients, one needs to estimate 1000 unknowns, namely
cope with some inherent problems. the diffusion coefficients at each pixel. This is algorithmi-

1) The measured fluorescence is influenced by out-ofcally a very expensive task and requires high-end comput-
focus light, which causes blurring. Likewise, €adiffuses  ing power in conjunction with a very high SNR.
into and out of the focal plane (which should be rather We could derive a partial solution to these problems by
called a focal slice) while [Gd] is measured at only one using the observation that in some cells, thé Cgradients
slice. Unfortunately, we are not able to reconstruct theappeared to be approximately radial. To qualify a cell for
spatiotemporal [C&] profile in response to a depolarizing this radial approach, it had to fulfill two conditions: the
pulse in 3-D because of the acquisition time needed for @ntegral of [C&*] had to be constant between consecutive
frame; and we cannot repeat the same experiment at diffeimages (to exclude release or uptake processes), and the
ent focal planes since channel statistics and current rundowiCa?*]-profiles along neighboring lines through the center
imply that the [C&"] distribution is never guaranteed to be of the cell had to be almost identical (note that within the



1640 Biophysical Journal Volume 75 October 1998

image acquisition time, the & signal spreads-1-2 um,  and, thus, its effect can show up as a reduced @iffusion
as discussed later). This reduced the problem to estimatingpefficient. This in combination with optical blurring of the
the diffusion coefficients along a line. Two line profiles, 25 fluorescence can then give rise to the broad minimagf,
ms apart, together with the theoretically expected profilewhich we observe in Fig. 3, without an underlying increase
using the estimated diffusion coefficients, are plotted in then the immobile C&" binding ratio. Likewise, at the bound-
top panel of Fig. 3. The bottom panel shows the correspondary of the cell, restricted diffusion and blurring effects can
ing distribution of the diffusion coefficients where one can cause reduce®,,, values. We could not exclude any of
clearly discern spatial heterogeneities ofCanobility. The  these possibilities, since we cannot observe thé [Déme
C&™" diffusivity is lowest under the plasma membrane.course in 3-D, and both hindered diffusion and high immo-
Moving further into the cell, one identifies two local minima bile binding ratios will show up as lovD,,, within our
of D,pr Comparison with transmission images reveals thaframework. To distinguish between these alternative inter-
these minima are located right at the positions where th@retations, we used flash photolysis as another means to
nuclear membrane is, while the high,values correspond estimatekepqo
to the nucleoplasm. This would translate into the following
pattern for the immobile endogenous buffer distribution:
higher levels close to plasma or nuclear membrane and lo
expression levels within the nucleus.

But there are alternative ways to explain these resultsin this set of experiments, it was crucial to measure the
The nuclear membrane can constitute a diffusion barriefCa?*] distribution immediately after photolytic release of

\f-‘hotolysis experiments
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FIGURE 3 Relaxation of [C&] gradients and esti-
mation of the apparent €& diffusion coefficients along 200 - -—— t=0 msec, observed
; — t =25 msec, observed
a line through the center of the cell. The top panel shows _
. : . . ® t=25msec, model
two consecutive [C&] line profiles, which are taken 25
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C&". If the release pattern is homogeneous and the exogzonventional [C&"] measurements with fluorescent indica-
enous buffers are uniformly distributed in the cell, everytors use the equilibrium form of the law of mass action to
heterogeneity in [C&] can only result from a nonhomo- deduce [C&"] from fluorescence data, using some modifi-
geneous pattern of fixed endogenous buffer distribution. cation of the Grynkiewicz et al. (1985) formalism (see the
As a reporter dye, we decided to use Bis-Fura-2 forAppendix in our case). Consequently, we must allow the
several reasons. It has the same&*Céinding group as dye to get in chemical equilibrium with free €a This
Fura-2 but two fluorophores (of Fura-2 type) are attachedmposes a lower limit on the minimal integration time per
via linkers to the chelating group. This should give rise to aframe. The kinetics of Bis-Fura-2 was investigated in a
higher fluorescence yield and, thus, enable us to use smalleecent report (Naraghi, 1997), which resulted in an on-rate
dye concentrations to achieve a desired SNR. The top panef 5.5 x 10° M s™* and an off-rate of 260°s". Thus, the
in Fig. 4 shows the absorption spectra of @@ Bis-Fura-2  equilibration time constant is<4 ms. This matches our
at different [C&"] levels. Comparison with Fura-2 data (not integration time of 25 ms/frame.
shown here) reveals that the absorption is indeed twice that 2) The flash lamp generates short pulses of UV light with
of Fura-2. A plot of the fraction of Cd-bound dye over a total duration of 2-3 ms. Within this time, €ais re-
[C&*] in the bottom panel shows that the dissociationleased into the cell and is subject to binding and unbinding
constant of Bis-Fura-2 for G4 is 500 nM, i.e., two-fold to free DMN, Bis-Fura-2, and endogenous buffers. Depen-
higher than Fura-2. This implies that, at a given concentradent on the C&" binding kinetics of these buffers, there
tion, its binding ratio is smaller than that of the high-affinity might be a transient G& spike, which is more pronounced
Fura-2 and, hence, its distortion of €asignals less pro- if the C&" release rate is higher than the binding rates of
nounced. Another relevant issue for our measurements is thtee different buffers (Heinemann et al., 1994). The Gryn-
binding kinetics of the dye. It determines two factors: 1) kiewicz formalism is not applicable during this transient
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spike if the dye is not in equilibrium with Ga. These 1000
considerations imply that we need to estimate the amplitude

and duration of such a probable spike. With this informa-

tion, one can decide on the appropriate timing for the?[Ta g go0
measurement after the UV flash. Xu et al. (1997) have =
measured the in vivo G4 binding kinetics of DMN and 'S 700~
Fura-2 in chromaffin cells. They found the kinetics of
Fura-2 to be little affected by the cytosolic medium, which
gives us the justification to assume the same for Bis-Fura-2.

Furthermore, they also showed that the chromaffin cells (') 5 10 15 20x10°
contain 4 mM of an immobile endogenous buffer witKg Time (sec)

of 100uM and an on-rate of 1.& 10° M s~ *. By using this ~ _ _ 990
well-defined set of parameters and the rates of release of 154 - Calcium-bound indicator— z
C&" from DMN (Ellis-Davies et al., 1996), we performed 5 152 988 =
a 4th order Runge-Kutta simulation of the temporal evolu-§ 150 980 &
tion of the concentrations in response to a flash of light. TheS 148 2
time course of the flash as a perturbation (which shifts theS 146 - ~ 975 8
system from one equilibrium state to another) was sample® 144 4 _ g70 §
by a fast photodiode and used in the simulation. Fig. 53 142 - _— — <
shows the outcome of such a simulation for a typical ex-& 140 - Caleium-bound DN 965 ©
perimental condition. Clearly, there is a transient*Ca T T T T T
spike of a few hundred nM amplitude within the first 3—4 0 5 Time"(’sec) 15 20x10

ms after the flash. Nevertheless, it is not seen by the indi-
cator, which is acting as a low-pass filter and achievess
equilibrium within 5 ms. The fast endogenous buffer with
its low affinity, however, does follow the [G&] time
course faithfully. The conclusion from these simulations is g
if we start the post-flash [¢4] measurement 3 ms after the
onset of the flash, we can be sure that there is no significang
contamination of the recorded fluorescence by nonequilib-3
rium conditions. This is exactly what we did. 5
The next important issue was to check whether the pho-g
tolysis is spatially homogeneous. First, using a mirror in the® ] T T T 1.
object plane, we imaged the intensity distribution of the 0 5 10 15 20x10°
. . . . Time (sec)
widefield excitation pattern as well as that of the flash light
in the focal plane. Both appeared to overlap quite well anc1:IGURE 5 Time course of the concentrations ofCand C&*-bound
were homogeneous, but this could not exclude the possibibuffers after a flash. The measured time course of the flash is used in this
ity that the C&" source, i.e., CaDMN, was still compart- simulation to perturb the kinetic system from one equilibrium state to
mentalized. If this was the case, one would see Spatiaﬁnother one. Here, we assume to haye 1 mM DMN, 0.2 mM Bis-Fura-2,
gradients of [C&'] after the flash, which were the result of 2"d4 MM of an endogenous buffer witfkg of 100 uM according to Xu
. . et al. (1997). The kinetic parameters for the exogenous buffers are taken
Compartmentallzed CaDMN rather than different endoge'from Naraghi (1997) or Ellis-Davies et al. (1996). Clearly, there is a
nous buffer concentrations. To exclude this possibility, Wetransient overshoot of [¢4], which lasts~2 ms and is seen by the
designed a control experiment to prove that thé'Csource  endogenous buffer by virtue of its fast kinetics. Nevertheless, this is
strength was uniform throughout the cell. This was a Simménv?sible to_the dye‘(_ac_ting as a low-pass filter of the fCptime course),
“buffer overload” experiment: with 2 mM of Bis-Fura-2 and which attains equilibrium after 3 ms. Thus, we can start thezf(J:a_
. . measurement 3 ms after the onset of the flash without any transient
1-2 mM fully loaded DMN in the pipette, we outcompeted ., iaminations.
the endogenous buffers in binding Ta Thus, a homoge-
neous [C4'] distribution after the flash could only be the
result of a homogeneous source and sink, i.e., CaDMN andontained 1 mM fully loaded DMN, 20@M Bis-Fura-2,
indicator distribution. Fig. 6 demonstrates the outcome ofand different amounts of Cagbuch that [C&"] was ad-
such a control experiment. We have plotted the fluorescencgisted to values between 500 and 1100 nM. Note that under
ratios as a function of pixel number before and after thethese conditions the binding ratio of the dye is between 100
flash. Clearly, the ratios are homogeneous. This means thand 39, i.e., of the same order of magnitude as the endog-
we can now proceed with our experiments designed tenous buffer according to Xu et al. (1997), and between 20
assess the endogenous buffer distribution. and 4 for DMN. The fraction of DMN, which we wanted to
Here, we used the same timing protocol for photolysiscleave upon a flash, i.e., the photolysis efficiency, was
and imaging as above but with an internal solution, whichadjusted to 2—7%. This choice was dictated by many con-
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FIGURE 6 Homogeneity of the photolysis pattern. A cell was loaded
with 2 mM Bis-Fura-2 (to overcome the endogenous buffers) and 1 mM
DMN. Depicted are the fluorescence ratiéd before and after a flash. We
see that the photolysis efficiency is spatially uniform since the same is true
for the ratio distribution.

siderations: a) calibration parameters of the dye are not ; i
changed for small flash intensities, b) the identity in Eq. 5 is 2
only valid for small values ofA[Ca?*] since it is based on
the linear approximation

_d[cax]  A[Cax]
T 9[CcaT] T A[C@ T

and c) only small increments in [€8] guarantee that the
binding ratios of the dye and the DMN are not changed
significantly upon flash. This is not an issue for the endog-
enous buffer since it is expected to hav&g around 100
uM. Fig. 7 (top) shows the result of such an experiment

:_50 Ke

where we have plotted the [€F distribution before and 10
after flashes. Clear postflash gradients of {Caare not o

discernible. The bottom panel shows the calculated distri- o L0

bution of the endogenous binding ratio according to Eq. 5. ==

The values fork,qo Scatter between 30 and 55. Similar

experiments at different [¢4] levels with 17 cells never i o L e
revealed a pronounced heterogeneity in the distribution of ==
Kends @nd in accordance with the low affinity of the endog- igure 7 Distribution of pre and postflash [€3 as well as the
enous buffer, we did not see any signs of a decrease in th&iculated endogenous binding ratios. The top panel shows tH&][Ca
average cellulak,,4,value by increasing [Gd] up to 1.1  profile before and in response to a UV flash. From these two images, the
wM. These results must be contrasted with the results of théistribution of k.,4,was calculated according to Eq. 11 and plotted in the
diffusion experiments, which is what we do in the nextP°tom panel

section.

DISCUSSION has become clear that @asigna_ling_ must rely heavily on

a balanced, local, and quantitative interplay between differ-
In light of the increasing evidence for functional but not ent sources and sinks of €a The generic objective of a
necessarily morphological €& compartments (Chad and cell, using C&" as a highly controlled and ubiquitous
Eckert, 1984; Imredy and Yue, 1992; Llinas et al., 1995), itsecond messenger, is to achieve a specific pattern éf [Ca
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distribution in response to a specific stimulus, which fulfills mobile species (because, after transition to whole-cell
three conditions: a) the strength of the fChsignal mustbe  mode, it washed out slowly) with a binding ratio of 10.
within a well-defined amplitude window, which is matched Furthermore, from the time course of the decline of this
to the affinity of the desired target of the €asignal; b) the  binding ratio after breaking into the cell, they could estimate
duration of the [C&"] signal must be within a well-defined the corresponding buffer's molecular weight to-b&0,000.
time window to account for the activation kinetics of the Unexpectedly, they did not find any signs of highly mobile
desired target, which in turn is governed by the binding ancendogenous Ca buffers, such as nucleotides, but these
unbinding kinetics of C&" to the sensor responsible for numbers are all cellular averages and do not reflect any
triggering the signaling cascade; and c) the transient{Ca spatial differentiation of the cell with respect to the distri-
elevation must happen at the location where the correspondbution of its molecular C& sinks. Likewise, to our knowl-

ing C&" sensor is located, and maybe only there. edge there is no report to date in any system which has

These are conditions imposed on the source. Analosystematically and quantitatively investigated the endoge-
gously, requirements can be formulated for the sinks, whicmous C&" buffer distribution. Thus, we made an effort to
can be quite distinct and heterogeneous in nature: they cashine some light on the quantitative distribution of the
be energy-consuming pumps and exchangers, intracellul@ndogenous G4 binding ratio as a determinant of local
organelles, or single chelating molecules. It is well knownCa* signals.
that the first two categories of sinks are often equipped with In this paper we present two complementary methods to
rather slow activation kinetics (in the range of hundreds ofstudy the endogenous €abuffer distribution: one aims at
milliseconds and longer; see Neher and Augustine, 1992, asbserving C&" diffusion and the other avoids it. In both
Markram and Sakmann, 1994) while the temporal windowcases, we make the assumption that the reaction kinetics of
on which the buffers operate is dictated by their?Ca the involved buffers is fast compared with the mean diffu-
binding rate. Recent studies on®abinding kinetics of the sional times, the so-called “rapid buffer approximation
endogenous buffer in adrenal chromaffin cells (Xu et al.,(rba)” (Wagner and Keizer, 1994). This is justified by virtue
1997) show that they can constitute*Cainks, which actin  of recent studies (Naraghi, 1997; Xu et al., 1997) where the
a submillisecond time domain. Within a millisecond or so,on- and off-rates for Gd binding of some exogenous
Ca" is expected to diffusecl wm (Allbritton et al., 1992).  buffers as well as the endogenous buffer in adrenal chro-
Thus, the fast buffer effects are local effects. Consequentlymaffin cells were investigated. There it was shown that the
in polarized neuroendocrine cells or in neurons, the notionsn-rate of the endogenous buffer 510 M s™* and the
of fast and local C& signals must be regarded as synon-off-rate 1¢ s . This implies that the endogenous buffer
ymous. And if this is true, one can expect to have a differ-reaches chemical equilibrium withid1 ms. Similarly, the
ential C&* buffering power at different locations of the cell exogenous buffers, which we used here, achieve equilib-
with different functional fingerprints. But how can we as- rium within <5 ms. Together, these justify the use of rba in
sess this possible differential buffer distribution? our system.

An answer to this question can only be given operation- In the first approach, we explore the extent to which the
ally from a functional, i.e., physiologist's, point of view. apparent C& diffusion is influenced, i.e., slowed by the
Since we do not know how many different molecular spe-presence of an immobile endogenous buffer using Eq. 3.
cies are involved in fast C& buffering and have no direct Neher and Augustine (1992) have shown that there are no
evidence for their chemical identity, we must look for a signs of C&" release or uptake within 100 ms after a short
common property that defines their action regardless otlepolarizing pulse. Thus, we explicitly aim at observing the
their identity. In other words, this property must reflect the dissipation of C&" gradients from which we extract local
buffers’ action in reducing and localizing the €asignal.  C&* diffusion coefficients. This approach can be charac-
Following Mathias et al. (1990) and Neher and Augustineterized by the following criteria:

(1992), this important property of a cellular buffer is the
extent to which it is capable of binding €aions at a given 1. The source of the G4 for inducing the gradients, and
free C&" concentration. That is, what is the buffers’ effect  particularly its strength, is not a primarily relevant issue.

on relating a change in total €ato a change in free Ga? The temporal spread of the €asignal and well-defined
This question readily suggests studying the so-called*Ca gradients of [C&'] throughout the cell are important.
binding ratio kg)” of a buffer B, defined asg = 9[CaB]/ Our sources here are voltage-gated Cahannels.

a[Ca?*]. Several studies have investigated the cellular bind2. We should be aware of the influence of the?Candi-
ing ratio by lumping together the combined action of all  cator in shaping the gradients. It expresses itself in two

cellular buffers in terms of a hypothetical €abinding guantities: the indicator’s binding ratig,,4 and its dif-
species (for review see Neher, 1995). fusion coefficientD;, .

Zhou and Neher (1993) were able to dissect two differenB. The deduction of diffusion coefficients, and thus binding
types of endogenous €a buffers in bovine adrenal chro- ratios, from observations of &4 diffusion is inverse to

maffin cells: an immobile species (because it was detectable the classical simulation problem. There, knowing the
after prolonged periods of whole-cell recording without parameters of the diffusion equation, one asks for the
significant washout) with a binding ratio of 40, and a slowly ~ temporal evolution of its solution. Here, observing the
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solution to the diffusion equation by imaging techniques,distribution, it is critical to guarantee a spatially homoge-
one asks for the parameters of the system. This correaeous photolysis efficiency.
sponds to a nonlinear high-pass filtering of the*Ca With these constraints in mind, the performed photolysis
images. Consequently, this process amplifies noiseexperiments revealed no significant signs of heterogeneous
which in turn imposes high requirements on the SNR ofbuffer distribution. This attributes the slowing of €a
the imaging system. diffusion near the nuclear membrane to its action as a
4. For the applicability of the inverse method, it is essentialdiffusion barrier rather than to a high €abinding power.
to have moderate G4 gradients such that the apparent Furthermore, the near membrabg,, distribution must be
Ca" diffusion coefficient in Eq. 3 can be regarded asinterpreted as the result of deviations from radially symmet-
independent of [CH]. ric diffusion in conjunction with blurring effects. Indeed, by
5. C&" diffusion in the cell is an inherently 3-D problem, looking at the C&" independent fluorescence at different
whereas given the temporal resolution of presently availfocal planes, the cell appears to be flat rather than spherical.
able imaging systems, one is only able to observe th&Ve can conclude the photolysis experiments allow us to
Ca&* signals in one focal slice. Then, one needs todistinguish between different interpretations of the diffusion
simplify assumptions about the underlying cellular ge-€xperiments and establlsh a more direct means of assessing
ometry. Here, we assume radial Cadiffusion. the endogenous buffer distribution, but what is the spatial
6. There are two possible sources for a locally reduced@solution of our measurement? Our pixel size (in the lateral
apparent C& diffusion coefficient: either a locally in- direction) in the object plane is 580 nm. The effective
creased immobile G4 binding ratio or deviations from resolution, nevertheless, is determined by the temporal res-
the concept of diffusion in an isotropic medium, for in- ©lution of the imaging system as well as the optical blurring
stance because of local diffusion barriers. There is no directT€CtS in the axial direction. As mentioned earlier, we need

way of distinguishing between these two possibilities. 25 ms for th? acquisition of an image. e
Fig. 8 depicts the expected apparent Cdiffusion co-

. . . 2 . .
Our diffusion measurements indicated local gradients of th@ffICIent and the mean displacement of*Caons (during

apparent C& mobility at the boundary of the cell and at the this 25 ms) as a function of the exogenous binding ratio,

nuclear envelope. One could attribute this to increased bincﬁsf%rp'?%;g ?Z?O?irlﬂusdrat'c\)/v%fhéﬂ a?(d a :'ffusk')?:dfr?ef'
ing ratios close to biological membranes because df Ca ciento pm s forthe dye. an exogenous 9

binding to membrane phospholipids or Cabinding to ratio of 50 to 100, we expect the mean“Calisplacement

specific buffers as an indication of functional organizationto be~2 pm. Thus we have to restate our resuilt in light of

of the cell, but this is only one possibility. These effects alsoﬂisoaeg‘loéal glutrr:glrge: ;rr; iosziat:?sl gfr Ige\;\gt:) aelr?éiruasl’ kr)isﬁcgr
may have been due to non-radial “Cadiffusion in 3-D R g 9

I . . distribution in the bovine adrenal chromaffin cell. But there
and/or the nuclear envelope as a diffusion hindrance in

conjunction with optical blurring effects. To separate thesqlz also a spatial blurring because of the wide field imaging,
' hich is applied in this paper. By using fluorescent beads as
possibilities, we decided to apply flash photolysis of Ga PP pap y g

I iah © | point sources of light, we experimentally measured the
ogded D,MN asalg t-dependgnt asource (Kap an and point spread function (PSF) of our optical system. From the
Ellis-Davies, 1988) together with €& imaging using Eq.

) ' . measured PSF, we expect an axial resolution of 2#8

5. The flash photolysis technique was also used in a studyhich, js of the same order of magnitude as the effective
by f"'Baqu_iW' and Abercrombie (1995) together X"'th lateral resolution. In effect, we are dealing with cubic voxels
Ca"-sensitive electrodes to measure the averagé”Ca yith ~2 um side length. To improve the spatial resolution,
binding ratio of the giant axon of the marine invertebrategne would optimally need the axial resolution of a two-
Myxicola}. The main characteristics of this approach can bephoton excitation system (reducing axial blurring) in con-
summarized as 1) The strength of the source must be d@ynction with a significantly faster imaging system (reduc-
fined in order to extract the endogenous binding ratios frorr]ng temporal blurring). For instance, to have a lateral
the comparison of preflash [€8] with postflash [C&'].  resolution 0f~500 nm, we would need image acquisition
This requires careful calibration of the flash system in termgjmes of ~2 ms, which is far beyond generally available
of its photolysis efficiency. 2) It is important to acquire the technology and at the cutting edge of the mean reaction
images as fast as possible to prevent inhomogeneities of thgnes of the high-affinity indicators (see Fig. 5). In addition,
postflash [C&"] distribution to disappear by means ofCa  since we cannot afford an exogenous binding ratio much
diffusion during the acquisition time of the image. 3) The more than 100, there is an upper limit to the tolerable dye
indicator’s diffusion coefficient,D;,q, effectively deter- concentration. To get a meaningful fluorescence signal
mines the spatial resolution by determining the mean diffuwithin 2-ms integration, the fluorescence yield of theCa
sional path length of C& during an image acquisition. Its indicators must be very high. Simultaneously, we must
binding ratio, k;,q, determines the fraction of the released maintain our ability to measure [€H], but there is no
C&", which is bound to the indicator. It should be of the two-photon system up to date that allows measurement of
same order of magnitude ag,y, 4) To attribute any [Ca?*] with such high rates. To conclude, imaging systems
heterogeneity of postflash [€4] to the endogenous buffer with 1) significantly higher acquisition rates, 2) the axial



1646 Biophysical Journal Volume 75 October 1998

— 4.0
~120 =
8 _ 35 §
FIGURE 8 Dependence of the apparenfCaliffu- “E App. diffusion coefficient— 2
sion coefficient on the exogenous binding ratio. We 2 : _“E,__’i‘———"“"‘ g
have plotted the apparent €adiffusion coefficient g 100 = - : 3.0 0
according to Eq. 9 as a function of the exogenous ‘g //’/ £
binding ratio, assuming an immobile buffer with a bind- % v =
ing ratio of 40 and a dye of Bis-Fura-2 type with,4, = 8 // | o5 =
120 um?s. Even at the concentration range where the S 80 // §
exogenous buffer has similar binding ratios like the g / PRI e P g
endogenous one (50-100R,, is ~70-90 um®s. £ / T Mean displacement—— -20 &
Within the 25-ms frame integration time, this gives rise 2 /// C a.
to a mean C&" displacement of~1.8—2.2um. Conse- § 60— %
quently, although the pixel size in the object plane is § / 15 s
~580 nm, the effective spatial resolution42 um and g— / §

is dictated by the acquisition time for a frame.
40 ; : - 1.0
50 100 150 200 250 300

Exogenous binding ratio

resolution properties of a two-photon system, and 3) im-Both signalsF; are C&*-sensitive. Nevertheless, a constan{the so-
proved detector quantum yields in conjunction with muchcalled isocoefficient) can be found, which makes the linear combination
brighter C3&"-sensitive dyes are necessary to improve thé:g = F}, + oF} independent of the free €& concentration, as long as the

. . A &5 diffusion coefficient of the dye is not changed by binding & Cion. It is
effective spatial rgsolutlon of the buffer measure- easy to show that is given by
ments. Our resolution of @m, of course, does not exclude
buffer gradients on a finer spatial grid. _ —aifcas— fe _ a0

a0 ficas—fig a0
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APPENDIX

i.e., by dye and instrumentation parameters. We determinexperimen-
[Caz"'] measurements tally by depolarizing the cells for 25-100 ms to 0 mV (or by photoreleasing
C&" from DMN loaded in the cell) in the whole-cell mode to increase
Conventional [C&"] measurements with ratiometric dyes involve excita- [Ca2*], acquiring the fluorescence imagEgandF, for A, = 385 nm and
tion of the dye at two different Wavelengths (Grynkiewicz et al., 1985) The )‘2 = 350 nm at rest as well as after increasing ZTQaand Ca|cu|a[ing the
fluorescence ratios are then used to calculate CaHence, the rate of  normalized image§; andF, for both [C&Z*] levels. Then we applied the
[Ca"] measurement is half the acquisition rate of the imaging system. In_evenberg-Marquardt least-squares algorithm (Press et al., 1992) to find a
addition, there is an overhead due to the time needed to change thg&alar quantityx, which minimized the difference
excitation wavelength, which is 2 ms in our system. To maximize the rate
of [Ca®*] measurement, we implemented a modified dual wavelength
excitation pattern which is based on the concept of the “isocoefficient” as
described previously by Zhou and Neher (1993): let us assume that the

A= D[Rk 1) + aFik ) = Foak 1) — aFfy(k D2

K,

fluorescent C&" dye B is excited at two different wavelengths, andA,, (A3)
and the fluorescence in response to the two different excitation wave-
lengths,F, andF,, is sampled. Therf; is given by where the sum extends over all image pixels with coordinad¥ gndF;;

is the normalized fluorescence at excitation wavelengtnd [C& "] level
Fi = ali(f,c.d CaB] + fig[B] + b)) + d, (Al) j( = 1 stands for resting [G4] andj = 2 for elevated [C&']). This
procedure resulted in an isocoefficiestfor Fura-2 of 0.12 and 0.28 for
wherel; is the excitation intensityf; x the specific fluorescence yield of the  Bis-Fura-2, respectively. To achieve fast flChmeasurements, we calcu-
moleculeX, b; some coefficient representing the autofluorescence withoutjated F; as a C&*-independent signal, applied a depolarizing pulse or a
dye loading, andy some gain factor, all at wavelength Furthermored UV flash to raise [C&'], switched the wavelength tb, = 385 nm, and
is the dark current offset. Using the above-mentioned photodiode, weycquired up to 10 consecutive images on the frame transfer chip with a
monitor the excitation intensities likewise Rs= I,g;, with g; being some  frequency of 40 Hz (25 ms/image). Hence, for the 40 Hz acquisition rate,
proportionality factor. We measure the offsbind the autofluorescence e only had single excitation wavelength images at our disposal. We then
alib; of the cell before dye loading, subtract this background, and dividemade the ratiog = Fj/F} of the C&*-independent image over the
this signal by the excitation intensiti& to obtain the normalized quantities  Cz2*-sensitive images. This results in

_ Fi —d—alibi

F [C#]
R a0 Ko (fo.cas = aofycap) + (28 — aofyp)
r=-— ¥ (A4)
g; 0, [Ca]
= a(fi,CaB[CEBJ + fi,B[B])- (A2) fl,CaBTD + fl,B
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In the limit of [C&*] = 0 nM, we getr,;, = (0./a,0,) (fo5 — o Chad, J.E., and R. Eckert. 1984. Calcium “domains” associated with
f1.e)/f1s and for very high [C&'] levels, we obtairr ., = (a:0:/a:9,) individual channels may account for anomalous voltage relations of
(f2.can — @of1 cad)/f1 can Using these identities, Eq. A4 can be rewritten as ~ calcium-dependent respons@sophys. J.45:993-999.
Clapham, D. E. 1995. Calcium signalingell. 80:259-268.
fig T —Tmin ' — Fmin Ellis-Davies, G. C. R., J. H. Kaplan, and R. J. Barsotti. 1996. Laser pho-
Ko f [y et e (AS) tolysis of caged calcium: rates of calcium release by nitrophenyl-EGTA
1,CaB T max max and DM-nitrophenBiophys. J.70:1006-1016.

which is a Grynkiewicz-type formalism. Consequently, we determinged GW';'F‘PWK{L G., M. Poenie, and R. Y. Tsien. 1985. A new generation of
andr ., according to the in vivo procedure of Neher (1989) by dialyzing gh m'”;gg%ﬂfowgﬂg,%eaﬂy improved fluorescence propertiesBiol.
cells with internal solutions containing either 10 mM BAPTA or 10 mM Hei em. C R_H Ch. E. Neh dR.S. Zucker. 1994. Kineti ¢
CaCl, and calculating the ratios according to the above definition KEgy einemann, C., R. H. Chow, E. Neher, and R. S. Zucker. 1994. Kinetics o
10 mM BAPTA and 5 mM CaCl dded to the int | solution t the secretory response in bovine chromaffin cells following flash pho-
o MV B/ and 5 mM CaGlwere added to the internal solution to . qis of caged C&'. Biophys. J.67:2546—2557.

give [C&] = 225 nM (Zhou and Neher, 1993). The ratio images were H 3.S. L Liosi dL A BI 1996. Calci di duri

d into [C&"] images with continuous 40 Hz acquisition at the user, J., S. L. Lipsius, and L. A. Blatter. 1990. Calcium gradients during
ch21\+/erte g ina 2Gi excitation-contraction coupling in cat atrial myocytds.Physiol.494:
Ca " -dependent wavelength (385 nm) using mdependent reference 641—651.

image based on the isocoefficient formalism. Thé Cmdependent image Imredy, J. P., and D. T. Yue. 1992. Submicroscopié Cdiffusion medi-

[Ce™] =

was assumed to be time-independent. ates inhibitory coupling between individual €achannels.Neuron.
9:197-207.
Kaplan, J. H., and G. C. R. Ellis-Davies, 1988. Photolabile chelators for
Calibration of the photolysis efficiency of the rapid photolytic release of divalent catioroc. Natl. Acad. Sci. USA.
flash |amp 85:6571-6575.

Kasai, H., and G. J. Augustine. 1990. Cytosolic calcium gradients trigger-
In the photolysis experiments, it was crucial to know the total amount of ing unidirectional fluid secretion from exocrine pancreldature.348:
Ca&" that was liberated into the cytosol after photolytic cleavage of 735-738.
C&*-loaded DMN. In addition, by adjusting the discharge voltage of the Llinas, R., M. Sugimori, and R. B. Silver. 1995. The concept of calcium
lamp, one could manipulate the intensity of the flash and, thus, the fraction concentration microdomains in synaptic transmissheuropharmacol-
of DMN that was cleaved. The photolysis efficiency inside the cell was 09Y-34:1443-1451.
determined in the following manner: we patched chromaffin cells in Louis, A. K. 1989. Inverse und schlecht gestellte Probleme. B. G. Teubner,
whole-cell mode using internal solutions that contained 1 mM Bis-Fura-2 Stuttgart.
and 1 mM fully C&*-loaded DMN, in the absence of magnesium. We Markram, H., and B. Sakmann. 1994. Calcium transients in dendrites of
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